The endosperm is an ephemeral tissue that nourishes the developing embryo, similar to the 10 placenta in mammals. In most angiosperms endosperm development starts as a syncytium, where 11 nuclear divisions are not followed by cytokinesis. The timing of endosperm cellularization largely 12 varies between species and the event triggering this transition remains unknown. Here we show 13 that increased auxin biosynthesis in the endosperm prevents its cellularization, leading to seed 14 arrest. Auxin-overproducing seeds phenocopy paternal-excess triploid seeds derived from 15 hybridizations of diploid maternal plants with tetraploid fathers. Concurrently, auxin-related 16 genes are strongly overexpressed in triploid seeds, correlating with increased auxin activity. 17 Reducing auxin biosynthesis and signaling reestablishes endosperm cellularization in triploid 18 seeds and restores their viability, highlighting a causal role of increased auxin in preventing 19 endosperm cellularization. We propose that auxin determines the time of endosperm 20 cellularization and thereby uncovered a central role of auxin in establishing hybridization barriers 21 in plants.
Introduction
In flowering plants seed development is initiated by the fertilization of two maternal gametes, 24 egg cell and central cell, by two paternal sperm cells (1). This double fertilization event originates 25 two fertilization products: the embryo, which will form a new plant, and the endosperm, a 26 nourishing tissue that ensures adequate nutrient transfer from the mother plant to the 27 developing embryo (2). The endosperm of most angiosperms is a triploid tissue, derived after 28 fertilization of the diploid central cell. It thus contains two maternal and one paternal (2M:1P) 29 genome copies. In Arabidopsis, like in most angiosperms, the endosperm initially develops as a 30 syncytium, where nuclear divisions are not followed by cytokinesis (3). After a defined number of 31 nuclear divisions the endosperm cellularizes (4); however, the pathways regulating this transition 32 remain unknown. The balance of 2M:1P genome copies in the endosperm is crucial for 33 reproductive success. Deviation from this ratio in response to hybridizations of plants that differ 34 in ploidy frequently leads to unviable seeds, a phenomenon referred to as triploid block (5) (6) (7) (8) (9) . 35 Importantly, interploidy hybridizations affect endosperm cellularization: while maternal excess 36 crosses (4x × 2x; by convention the maternal parent is always mentioned first) shift the 37 cellularization to earlier timepoints, paternal excess hybridization (2x × 4x) cause a delay or 38 complete failure of endosperm cellularization (8, 10) . In Arabidopsis, the triploid (3x) embryos 39 resulting from 2x × 4x crosses are viable and produce healthy plants when transferred to nutritive 40 medium, revealing that failure of endosperm cellularization impairs embryo viability (10, 11) . 41 Mutations in the paternally-expressed imprinted genes (PEGs) ADMETOS (ADM), SUVH7, PEG2, 42 and PEG9 restore endosperm cellularization and viability of paternal excess 3x seeds (12) (13) (14) . 43 In this study we show that auxin activity is strongly increased in paternal-excess 3x seeds and 44 that the 3x seed phenotype can be phenocopied by over-production of auxin in the endosperm 45 of diploid seeds. Furthermore, we show that down-regulating auxin biosynthesis or signalling can 46 partly restore 3x seed viability. Overall, our data link auxin activity with endosperm cellularization 47 and show that increased auxin activity in the endosperm establishes a post-zygotic hybridization 48 barrier in Arabidopsis. 49 
Results

50
Paternal-excess crosses lead to increased auxin activity after fertilization 51 Triploid seed abortion in paternal-excess (2x × 4x) crosses is characterized by the over-52 proliferation of the endosperm, which fails to cellularize (8), but the molecular mechanisms that 53 lead to this phenotype are yet to be elucidated. To search for pathways potentially involved in 3x 54 seed abortion, we compared gene expression data of WT seeds at 6 days after pollination (6 DAP) 55 with that of WT maternal plants pollinated with pollen of omission of second division 1 (osd1) 56 (15). Mutants for osd1 form unreduced diploid gametes (2n) and therefore can be used to mimic 57 paternal-excess crosses when used as a pollen donor to a WT mother (12, 15) . We found genes 58 involved in auxin homeostasis to be significantly enriched among those genes that were 59 upregulated in 3x seeds (Table 1) . In particular, genes involved in auxin biosynthesis (TAA/TAR 60 and YUCCA (16, 17)), auxin transport 19) ), and Auxin Response Factors 61 (ARFs (20, 21)) were highly upregulated in 3x seeds, when compared to 2x seeds ( Fig. 1A and Fig.   62 1-S1). Consistent with the transcriptome data, we found a marked increase in the activity of 63 (22)the auxin sensor DR5v2::VENUS (23) in 3x seeds that was most prominent in the seed coat, 64 suggesting that increased auxin generated in the fertilization products in response to osd1 65 pollination is rapidly transported to the seed coat ( Fig. 1D ,E), in line with previous reports (24). 66 Indeed, genes coding for auxin biosynthesis, as well as auxin signalling, are strongly up-regulated 67 in the endosperm of 3x seeds compared to that of 2x seeds ( Fig. 1-S2 ).These observations indicate 68 that paternal-excess crosses induce increased auxin production and signalling in the endosperm 69 of 3x seeds.
71
Over-production of auxin in the endosperm phenocopies paternal-excess triploid seeds 72 Based on the finding that auxin activity is increased in 3x seeds, we addressed the question 73 whether over-production of auxin is responsible for the endosperm developmental defects 74 leading to 3x seed abortion. To test this hypothesis, we raised transgenic plants over-expressing 75 the bacterial auxin biosynthesis gene Indole Acetimide Hydrolase (IaaH) under the control of the 76 early-endosperm specific promoter DD25 (25, 26) . The production of the active auxin Indole 3-77 Acetic Acid (IAA) by IaaH relies on the availability of Indole 3-Acetamide (IAM), which was 78 5 previously shown to be present in Arabidopsis (27, 28) . Furthermore, genes coding for IAM-79 synthetizing enzymes are strongly expressed in the endosperm (Fig. 2-S1 ). Strikingly, out of 31 80 transgenic lines expressing DD25::IaaH, all showed aborting seeds that closely resembled 81 paternal-excess 3x seeds by their dark and shriveled appearance ( Fig. 2A-C) . In seven lines that 82 were analyzed in detail we found that the frequency of either partially or fully collapsed seeds 83 ranged between 10 to 40%, which largely corresponded with the rate of non-germinating seeds 84 ( Fig. 2-S2 ). Embryos of DD25::IaaH expressing lines were retarded in growth, similar to 3x 85 embryos . In both 3x seeds and those expressing DD25::IaaH, embryo development 86 progressed up to the early heart stage without noticeable differences compared to 2x WT seeds 87 (5 DAP time-point; Fig. 2 ). However, from 6 DAP onwards, the embryos of 3x and DD25::IaaH 88 transgenic seeds were delayed in development and did not progress beyond the torpedo stage 89 . 90 The endosperm of seeds derived from paternal-excess crosses fails to cellularize (8); therefore, 91 we tested whether seeds expressing DD25::IaaH showed a similar developmental defect ( paternal-excess crosses the endosperm failed to cellularize and free endosperm nuclei could be 95 seen surrounding the embryo. Importantly, DD25::IaaH expression induced a similar phenotype 96 and many seeds showed no signs of endosperm cellularization even at 7 DAP ( Fig. 2-S4 ). These 97 observations indicate that over-production of auxin in the endosperm is sufficient to impair its 98 cellularization. 99 To test whether the phenotypes observed in DD25::IaaH lines are indeed caused by over-100 production of auxin in the endosperm, we crossed WT plants with pollen from DD25::IaaH plants. 101 Indeed, we observed the same seed phenotypes when the transgene was inherited through 102 pollen, confirming that endosperm-produced auxin is causal to this phenotype, and ruling out 103 that the effect originates in maternal sporophytic tissues ( Fig. 2-S2 ). Furthermore, when crossing analyzing expression of PEGs and AGLs that were previously shown to be strongly deregulated in 115 3x seeds (13, 30) . While PEG genes ADM and PEG9 were not significantly deregulated in seeds of 116 DD25::IaaH expressing plants compared to 2x WT seeds, PEG2 and the AGL genes PHE1, AGL62, 117 and AGL36 were expressed at significantly higher level in auxin-overproducing seeds ( Fig. 3 ). 118 However, their level of deregulation remained substantially lower compared to 3x seeds. This 119 data suggest that auxin acts either independently of the pathways previously shown to affect 3x 120 seed abortion (13, 30, 31) or, alternatively, that auxin signalling is downstream of PEG and AGL 121 functions in the endosperm. Decreased auxin biosynthesis and signalling suppress triploid seed abortion 124 To address the question whether endosperm failure in 3x paternal excess seeds is due to over-125 production of auxin, we analyzed whether mutants for either auxin biosynthesis (wei8 tar1 tar2-126 1/+) (17), or auxin signalling (axr1) (32) could suppress 3x seed abortion. We generated 4x WT 127 and wei8 tar1 tar2/+ plants by colchicine treatment and used these plants as pollen donor in 128 crosses with 2x WT or wei8 tar1 tar2/+ mutant maternal plants. In the 2x × 4x WT cross, around 129 70% of the seeds were fully collapsed ( Fig. 4A ). In contrast, only 20% of 3x wei8 tar1 tar2/+ seeds 130 were fully collapsed and the germination rate of mutant 3x seeds was nearly doubled compared 131 to WT (Fig. 4B ), revealing that decreased auxin biosynthesis can suppress triploid seed abortion. 132 To substantiate these findings we tested the effect of the auxin signalling mutant axr1 in 133 suppressing 3x seed abortion. Using the osd1 mutant as pollen donor resulted in around 50% fully 134 collapsed 3x seeds, while only 20% of 3x seeds were fully collapsed when using the axr1 osd1 135 double mutant as pollen donor (Fig. 4C ). The axr1 3x seeds were phenotypically distinct from 2x 136 7 WT seeds by having a box-shaped phenotype (Fig. 4 -S1); however, many of these seeds were 137 viable and germinated at a rate of 40%, compared to 9% of 3x WT seeds ( Fig. 4D-F) . These results 138 demonstrate that decreased auxin signalling can suppress paternal-excess seed abortion. The fact 139 that 2x axr1 seeds are largely viable, compared to only 80% viability of 2x wei8 tar1 tar2/+ seeds 140 ( Fig. 4-S1 ), likely accounts for the decreased viability of 3x wei8 tar1 tar2/+ seeds when compared 141 to 3x axr1 (Fig. 4B,D) . 142 Given that triploid seed abortion is characterized by a failure of the endosperm to cellularize, 143 we thus tested if this process was restored in the axr1 mutant background ( Fig. 4-S2 ). Endosperm 144 cellularization dynamics in 2x axr1 seeds was similar to that of 2x WT seeds ( Fig. 2 and Fig. 4-S2 ) 145 and the endosperm was almost fully cellularized at 7 DAP. Although cellularization in 3x axr1 146 seeds was delayed compared to 2x seeds, signs of endosperm cellularization in this mutant were 147 clearly visible at 7 DAP, as opposed to 3x WT seeds. We thus conclude that rescue of the 3x seed 148 abortion by reduced auxin signalling occurs by restoration of endosperm cellularization. 149 As discussed above, AGL genes and PEGs are strongly upregulated in 3x seeds ( Fig. 3 ). We 150 addressed the question whether the rescue of 3x seeds by reduced auxin signalling restored gene 151 expression to WT levels. Thus, we tested the expression of AGL genes and PEGs in 2x and 3x WT 152 and axr1 seeds. For all genes tested, their expression remained significantly increased in 3x axr1 153 seeds, and, with the exception of PEG2, was even higher in 3x axr1 seeds than 3x WT seeds ( The observation that over-production of auxin prevents endosperm cellularization suggests that 161 auxin levels have to fall below a certain threshold in order for the endosperm to cellularize. To 162 test this hypothesis we analyzed the expression of auxin biosynthesis, transport, and signaling In conclusion, we have shown that auxin regulates endosperm cellularization in Arabidopsis. 224 Increased auxin levels in 3x seeds negatively interfere with endosperm cellularization, uncovering 225 a central role of auxin in establishing hybridization barriers by changing the timing of endosperm 226 cellularization.
227
Materials and Methods
228
Plant material, growth conditions and treatments 229 The Arabidopsis thaliana mutant and reporter lines used were described previously: wei8-1/-230 tar1/-tar2-1/+ and wei8-1/-tar1/-tar2-2/+ (17), axr1-12/+ (32), osd1-1 (15), osd1-3 (43). Endosperm-specific expression of these genes was assessed using the transcriptome data of 254 isolated endosperm from 3x and 2x seeds (47).
12
To evaluate expression changes of auxin-related genes throughout endosperm development, 256 we used published transcriptome data (48). Only auxin-related genes that were expressed at the 257 pre-globular stage, in a given endosperm domain, were considered for further analysis. Gene Table 2 . 272 The construct was transformed into Agrobacterium tumefaciens strain GV3101 and Arabidopsis 273 plants were transformed using the floral dip method (50). Transformants were selected with the 274 appropriate antibiotics. For Feulgen staining of seeds, whole siliques were fixed in ethanol:acetic acid (3:1) overnight. 289 The samples were washed three times 15 min in water, followed by 1 h incubation in freshly 290 prepared 5 N HCl, and washed again three times 15 min in water. Staining was performed for 4 h 291 in Schiff reagent, followed by three 15 min washes in cold water and a series of 10 min washes in 292 a series of ethanol dilutions (10, 30 and 50%). The samples were then incubated in 70% ethanol 293 overnight, which was followed by a 10 min wash in 95% ethanol and 1 h in 99.5% ethanol. 294 Embedding of the seeds was done in a dilution series of ethanol:LR White resin (1:3, 1:2, 1:1, 2:1) 295 for 1 h each. The samples were then incubated overnight in LR White resin, mounted in LR White 296 plus accelerator and baked overnight at 60 o C for polymerization. The seeds were imaged in a Zeiss 297 multiphoton LSM 710 NLO with excitation at 800 nm and emission between 565-610 nm. The 298 images were treated using the ZEN software. primers used for the RT-qPCR are described in Table S1 . PP2A was used as the reference gene. 308 Relative quantification of gene expression was performed as described (51). 
